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12 : ABSTRACT 

o 

Q . Several low-power kiloparsec-scale jets in nearby radio galaxies are known for 

their synchrotron radiation extending up to optical and X-ray photon energies. 
Here we comment on high-energy 7-ray emission of one particular object of this 
2 ! kind, i.e. the kiloparsec-scale jet of M 87 radio galaxy, resulting from comptoniza- 

'. tion of the starlight photon field of the host galaxy by the synchrotron-emitting 

jet electrons. In the analysis, we include relativistic bulk velocity of the jet, as 
well as the Klein-Nishina effects. We show, that upper limits to the kiloparsec- 
scale jet inverse- Compton radiation imposed by HESS and HEGRA Cherenkov 
5^ \ Telescopes — which detected a variable source of VHE 7-ray emission within 0.1 

deg (~ 30 kpc) of the M 87 central region — give us an important constraint on 
the magnetic field strength in this object, namely that the magnetic field cannot 
be smaller than the equipartition value (referring solely to the radiating electrons) 
in the brightest knot of the jet, and most likely, is even stronger. In this con- 
text, we point out a need for the amplification of the magnetic energy flux along 
the M 87 jet from the sub-parsec to kiloparsec scales, suggesting the turbulent 
dynamo as a plausible process responsible for the aforementioned amplification. 

Subject headings: galaxies: jets — galaxies: individual(M 87) — magnetic fields 
— radiation mechanism: non-thermal 
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1. Introduction 

The pure non-thermal nature of the muhiwavelength emission of extragalactic jets re- 
suhs in a fact, that many of their parameters are basically unknown. Intensity of the jet 
magnetic field is the exemplary unknown in all jet models. The situation is even less clear 
on large scales (> 1 kpc) than on the small (sub-pc and pc) scales, as typically the observed 
spectrum of large-scale jets consists of the synchrotron emission alone, without synchrotron 
self- absorption features or the inverse- Compton component. Therefore, the usual approach 
is to assume energy equipartition between the large-scale jet magnetic field and synchrotron 
radiating electrons, obtaining thus i?eq ~ 10~^ — 10"^ G. The standard justification for 
the equipartition assumption is that the inverse- Compton X-ray emission detected from a 
number of hot-spots and lobes in powerful radio sources often (although not always) yields 
B ?a i?gq (see, e.g., Kataoka & Stawarz 2004, and references therein). This, however, cannot 
be really taken as a proof for the magnetic field-radiating electrons energy equipartition in 
the case of the jet flows, as the physical processes responsible for the evolution of radiating 
particles and magnetic fleld within terminal shocks and extended lobes can differ substan- 
tially from the respective processes that take place within large-scale jets themselves (see, 
e.g., a discussion on the magnetic fleld structure within the hot-spots and lobes by Blundell 
& Rawhngs 2000). 

Unfortunately, the X-ray emission detected recently from a number of large-scale quasar 
jets (e.g., Schwartz et al. 2000; Siemiginowska et al. 2002, 2003; Sambruna et al. 2004) cannot 
give us a definite answer on the magnetic field intensity in these objects. First, it is not 
well established if this X-ray emission is synchrotron or inverse-Compton in origin (see a 
discussion in Stawarz 2005). Second, poorly constrained relativistic bulk velocities of the 
large-scale jets infiuence significantly the inferred values of the jet parameters in both cases. 
As a result, one can only say that if the X-ray emission of large-scale quasar jets is indeed due 
to the inverse-Compton scattering of the cosmic microwave background radiation (Tavecchio 
et al. 2000), then it is possible to find a value of the jet Doppler factor that allows energy 
equipartition between the magnetic field and the radiating electrons (or even equipartition 
between magnetic field energy and the total particle's bulk energy, Ghisellini & Celotti 2001) 
in a certain object. This, however, does not mean that the energy equipartition is fulfilled. 
In fact, Kataoka & Stawarz (2004) argued that in a framework of the inverse-Compton 
hypothesis the more plausible interpretation leads to sub-equipartition magnetic field within 
the large-scale quasar jets. We note that the analysis of jet dynamics suggests that the 
powerful quasar jets are most hkely matter-dominated, at least on the large scales (see, 
e.g., Sikora et al. 2004, and references therein). Still, other models involving Poynting fiux 
dominated outfiows (Blandford 2002) cannot be rejected with no doubts. 
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Contrary to the large-scale quasar jets, the synchrotron origin of the X-ray emission of 
the kpc-scale flows in low-luminosity radio galaxies is well established (see Stawarz 2005, and 
references therein). In addition, the two-sideness of the FR I radio structures suggests much 
lower bulk velocities of these jets as compared to their powerful quasar-hosted analogues. 
All of these constraints give the unique opportunity to estimate more accurately magnetic 
field intensity within some nearby FR I jets by studying their inevitable inverse- Compton 
7-ray emission. Unfortunately, due to insufficient sensitivity of the present 7-ray detectors, 
such analysis can be performed only for the closest FR I sources. 

Stawarz et al. (2003) considered high energy (VHE) 7-ray emission produced by the 
kpc-scale jets in nearby low-power radio galaxies of the FR I type. Optical and X-ray 
emission detected recently from a number of such objects indicate that these jets are still 
relativistic on the kpc scale and that they contain ultrarelativistic electrons with energies 
up to 100 TeV (see a discussion in Stawarz 2005). Therefore, some of the nearby FR I 
jets can be in principle VHE 7-ray emitters due to the inverse- Compton (IC) scattering 
off ambient photon fields which, at kpc distances from the active nuclei, are expected to 
be still relatively high. For example, following Tsai and Mathews (1995) it can be found 
that the bolometric energy density of the stellar emission at 1 kpc from the center of a 
typical luminous elliptical galaxy is on average L^star.boi ~ 10~^ erg cm~^ (which can be 
compared with the local value of the cosmic microwave background radiation, Ucmb = 4 x 
10"^^ erg cm~^). In the particular case of radio galaxy M 87, Stawarz et al. (2003) show 
that comptonization of such a starlight radiation^ within the kpc-scale jet (its brightest knot 
A) by the synchrotron-emitting electrons in the equipartition magnetic field can possibly 
account for the TeV emission detected by HEGRA Cherenkov Telescope from the direction 
of that source (Aharonian et al. 2003). However, subsequent observations of M 87 by Whipple 
Telescope (Le Bohec et al. 2004) gave only upper limits for its emission at the 0.4 — 4 TeV 
photon energy range, suggesting, although not strictly implying, variability of the VHE 7- 
ray signal. Such variability, clearly confirmed by the most recent HESS observations which 
estabhshed the presence of a variable (on the time scale of years) VHE 7-ray source within 
0.1 deg (~ 30 kpc) of the M 87 central region (Beilicke 2004), questions the possibility that 
the extended kpc-scale jet is responsible for the 3 — 4(T detections of M 87 by HEGRA and 
//SiS'iS' telescopes. On the other hand, the upper limits imposed in this way put interesting 
constraints on the magnetic field within the M 87 large-scale jet, an issue which is of general 
importance in astrophysics (see, e.g., recent monograph on the cosmic magnetic fields by 
Vallee 2004), and in particular in the physics of extragalactic jets (De Young 2002). 



^that dominates over the energy densities of the other photon fields in the jet comoving frame, in particular 
over the energy density of the synchrotron photons (Stawarz et al. 2003); 
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Here we comment in more details on the high energy 7-ray emission of the M 87 kpc- 
scale jet, resulting from the IC scattering on the stellar photon field. We take into account 
a relativistic bulk velocity of the emitting region as well as Klcin-Nishina regime of the 
electron-photon interaction. We emphasize an important aspect of the presented model: IC 
scattering on the starlight emission by the synchrotron-emitting electrons is inevitable, and 
involves neither the unknown target photon field, nor the additional unconstrained source 
of the ultrarelativistic high-energy electrons. In particular, following our previous approach 
presented in Stawarz et al. (2003), we 'reconstruct' the electron energy distribution from 
the known broad-band synchrotron spectrum of a given jet region, and then estimate the 
IC flux for the known target photon fleld. Therefore, our discussion is independent of any 
model of particle acceleration. This constitutes an important difference with the other 
models proposed in the literature in the context of the VHE 7-ray emission of M 87 system 
(Pfrommer & Ensslin 2003; Reimer et al. 2004). 

The paper is organized as follows. In section 2 we present the formalism used in order to 
evaluate the high-energy 7-ray emission of knot A in the M 87 jet. In section 3 we compare 
the estimated fluxes with the observations reported in the literature. In section 4 we discuss 
implications of the obtained lower limit on the magnetic fleld to the theoretical models of 
FR I structures and M 87 jet in particular. General conclusions are presented in the last 
section 5. 



2. The Model 

M 87 is a giant radio galaxy at the distance of 16 Mpc (leading to the conversion scale 78 
pc/"), possessing a famous 2-kpc-long (projected) one-sided jet bright in radio, optical and 
X-rays due to its synchrotron emission. Here we evaluate the IC radiation of the brightest (in 
the radio and optical regimes) knot in this jet, knot A, placed at the projected distance 12.4" 
from the active galactic center. In particular, we evaluate the IC flux from this knot due to 
comptonization of the stellar light of the host galaxy by the synchrotron-emitting electrons, 
resulting in a high-energy 7-ray emission. Below we assume that the jet flow is relativistic 
at the position of knot A, as justifled by the one-sidedness of the entire jet structure. 

2.1. Electron energy distribution 

Detailed broad-band (radio-to- X-ray) observations of the M 87 large-scale jet, reported 
by, e.g., Owen et al. (1989); Biretta et al. (1991); Meisenheimer et al. (1996); Sparks et al. 
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(1996); Perlman et al. (2001); Marshall et al. (2002); Wilson & Yang (2002), circumscribe 
well the synchrotron spectrum of knot A. Hereafter we refer to the analysis by Wilson & Yang 
(2002), which indicates that the energy distribution of the synchrotron-emitting electrons 
can be approximated by a broken power-law, 

' XllT^^^^^ for 7>7br ' 

with the spectral indices p — 2.3 and q — 1.6. Here n'^ = J n'^{'j) d'j is the comoving number 
density of the electrons^ contributing to the observed emission of knot A. The electron break 
Lorentz factor 

^,= (l£I^)"'«2.7xio''r-s_-r , (2) 

that corresponds to the observed synchrotron break frequency z/br = 10^^ Hz for the emitting 
plasma magnetic field B = i?_4 10~''G and Doppler factor 6. The cut-off energies 7min 
and 7inax are basically unconstrained, but the synchrotron origin of the X-ray jet emission 
indicates 7max/7br > 10 — 100. We normalize the number of electrons which contribute to 
the observed synchrotron luminosity of knot A, 

K,],yn = 47r54y'[i/X']syn , (3) 

where V' = Vobs/S is the volume filled by those particles which are 'seen' at the given moment, 
and the synchrotron emissivity times the frequency as measured in the jet rest frame, v'jl,, 
is 

['^X'lsyn = ^^^2 [7Vg(7)]^^(4^^^^^,/^g)i/2 , (4) 

where v' — v/5 (see, e.g., Stawarz et al. 2003). Hence, for a given observed synchrotron break 
luminosity Lbr = 3 x 10'^^ erg s~^ (Wilson & Yang 2002) and other parameters as discussed 
above, one obtains the product that will be used later V'K'^ = 1.8 x 10^*^ ^-3.65 Note, 
that the above expressions apply either if knot A is a moving blob or a stationary shock (see 
a discussion in Sikora et al. 1997). 



2.2. Stcir light photon field 

For the target starlight photons at the position of knot A we assume roughly isotropic 
distribution in the galactic rest frame and strongly anisotropic in the jet rest frame, due to 



^We follow the notation with the primed quantities measured in the jet comoving frame and the bare 
ones if given in the observer rest frame, with exception of the magnetic field intensity B as well as electron 
Lorentz factors 7, which always refer to the emitting plasma rest frame. 
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the relativistic jet velocity. We take the characteristic observed frequency of the optical- NIR 
bump due to the elliptical host of M 87 as Ugtar = 10^^ Hz (see, e.g., Miiller et al. 2004). We 
also evaluate the appropriate starlight energy density at the position of knot A directly from 
the observations of M 87 host galaxy. 

Young et al. (1978) showed that the distribution of stars in M 87 host galaxy agrees 
with the King model for the distances > 1" — 2" from the active center, while at the smaller 
scales an additional population of massive stars is present due to a supermassive black hole 
perturbing central region of the galaxy (see also Macchetto et al. 1997). Let us, therefore, 
consider the starlight of the 'unperturbed' population of the evolved stars, for which the 
emissivity can be approximated by 



Jstar(rj = Jo 



1+ ( - 



2 

r 



-3/2 

for r < Tt , (5) 



where r is the radius as measured from the galactic center, is the core radius for the galaxy, 
and Tt is the appropriate tidal radius. We normalize this distribution to the luminosity 
density profile ph{r) = 4:71 j star {r) in the / band, as given by Lauer et al. (1992). For the 
parameters pl(1 kpc) = (3 — 4) x Lq pc~^, Tc = 0.55 kpc and rt = 68 kpc (Lauer et al. 1992; 
Young et al. 1978) we obtain jo (3 — 4) x 10~^^ erg s~^ cm~^. The intensity of the starlight 
emission in a given direction specified by the azimuthal angle ( = cos~^ k, can be found by 
integrating the stellar emissivity along a ray, 

jstar yVr^ + P + 2rlKj dl , (6) 
where the outer boundary of the host galaxy is 

^max = -TK + ^J - r'^ + r"^ , (7) 

as discussed in Tsai and Mathews (1995). By integrating further over the solid angle, one 
can find the required value for the starlight energy density at a given position r from the 
core, 

2-K r^^ 

t^star(r) = / Istar{r\n)dK (8) 

C J-l 

(see equation 26 in Tsai and Mathews 1995). With all the parameters as discussed in this 
section, we obtain the /-band stellar energy density C/star(lkpc) ^ 10~^° erg cm^^. 

There are several reasons why the above estimate should be considered as a safe lower 
limit. First, the obtained value refers to the /-band energy density, and not to the bolometric 
one. We also do not include any effects of photon absorption by gas or dust. Second, in 
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the analysis above, contribution from the additional population of massive stars from the 
central cusp was neglected. Also, the 2-kpc-long M 87 jet is surrounded by the filaments of 
the optically emitting cluster gas (e.g., Sparks et al. 2004), which additionally contributes 
to the intensity of the optical radiation around knot A. Finally, we note that synchrotron 
emission produced within knot A - peaked in the jet rest frame at similar frequencies to 
the stellar emission, although characterized by much broader energy distribution and much 
lower energy density than the starlight photon field - may be important for the IC emission 
of the highest energy electrons, increasing total IC flux at highest photon energies. 



2.3. Inverse-Compton emission 

The high-energy cmissivity of knot A due to IC scattering on monocncrgctic and mono- 
directional (in the jet rest frame) starlight photon field, including proper relativistic effects in 
the Klein- Nishina regime, can be found from the approximate expression given by Aharonian 
& Atoyan (1981, equation 20 therein) as 

i'^'j'M - ^stfr ^'^ ^ fie', 4a. 7, /^O ^7 ■ (9) 

Here e' = hu' /m^c^, e'^^^^ = hu'^^g^^/nieC^, 9' = cos~^ /i' is the scattering angle, and 

/(e , W,7,/. ) = 1 + ^^^3^ - + (10) 

where v' = 2(1 — fi') e'^^^^^y and w' = eV7- The lower limit of the integral over 7, given by 
the condition / > 0, is 

/ 2 

1 + 



e' 



7o 



star 



(11) 



Hence, using the well known relativistic transformations e'^^^^ — egtarT (where F is a jet bulk 
Lorentz factor), e' — e/S, and n' — (// — /3)/(l — /3//), one can find the observed IC flux as 

WS.h = ^3'V'[u'j'^,],, . (12) 
"l 

Note, that the IC fluxes evaluated below do not depend on the poorly known volume of 
the emission region, as normalization of the electron energy distribution to the observed 
synchrotron emission allows us to find the product V'K'^, which is then inserted into eq. 12. 

The above expressions for the IC emissivity are correct only if e'/eg^ar ^ 1 ^-^d 7^1, 
as considered in this paper. For a general case the appropriate formula for [i^'f^/jic is much 
more complicated (see Aharonian & Atoyan 1981; Brunetti 2000). 
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2.4. 



Kinematic factors 



High jet-counterjet brightness asymmetry for the 2-kpc jet structure in M 87 (> 450 in 
optical energy range), as well as other morphological properties of this object, led Bicknell 
& Begelman (1996) to conclude that the appropriate bulk Lorentz factor at the position of 
knot A is r ~ 3 — 5, and the jet viewing angle 9 ~ 30° — 35°. Heinz & Begelman (1997) 
considered similar values for F but also discussed smaller jet inchnations, 9 ~ 20°. For such 
a choice of F and 9 one gets the jet Doppler factor 5 — [F(l — /3cos^)]~^ ~ 1 — 3. We note, 
that superluminal velocities detected by Hubble Space Telescope downstream of knot HST-1 
in M 87 jet (distances 0."8 — 10" from the center; Biretta et al. 1999), as well as the X-ray and 
optical month-to-year variability of the HST-1 knot emission (Harris et al. 2003; Perlman et 
al. 2003), suggest even higher values for the jet Doppler factor, albeit characterizing the jet 
flow upstream with respect to knot A. One should be aware that the high Doppler factor 
{S > 3) of the kpc-scale jet in M 87 would require a small jet inchnation, leading in turn 
to a decrease of the energy density of the starlight photons at the position of knot A, as 
the physical distance of this region from the core increases with the decreasing jet viewing 
angle. These effects introduce, however, only minor changes of the evaluated magnetic field 
intensity, as it depends rather weakly on the exact value of f/star (for which we take in this 
paper a very safe lower limit, anyway). We note that according to the discussion in Zavala 
& Taylor (2002), a large jet viewing angle {9 > 20^) in M 87 radio galaxy is consistent with 
a lack of any polarized radio emission from its core explained in terms of obscuration of the 
active nucleus by a dense, multi-phase nuclear disk depolarizing the core emission. 



Spectral energy distribution of the high-energy 7-ray IC emission of knot A is presented 
on figures 1 and 2 for a different magnetic field intensity, two jet viewing angles 9 = 30°, 
20° and the bulk Lorentz factors F = 3, 5. The Thomson part of this emission extends up 
to photon energies of the order of 10^° — 10^^ eV. Below we compare the expected IC fluxes 
for different photon energies to the upper limits imposed by the observations of EGRET 
observatory and ground-based Cherenkov Telescopes: HESS, HEGRA and Whipple. 



£'G'/?i?r observations of Virgo cluster imply the photon flux F(> 100 MeV) < 2.2 x 10"^ 
cm~^ s~^ (Reimer et al. 2003). When converted to the energy flux density assuming power- 



3. 



The Results 



3.1. 



EGRET observations 
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law emission with the spectral index = 0.65, as expected in the Thomson regime of the 
IC emission of knot A, this reads as i/5'^(100 MeV) < 2.3 x 10"^^ erg cm"^ s"^ 

Figures 3 and 4 show the expected flux of knot A at the observed 100 MeV photon 
energy as a function of the magnetic field intensity, for the jet viewing angles 9 — 30*^ and 
20°, and the bulk Lorentz factors F = 3 and 5. The vertical lines indicate the appropriate 
equipartition value that can be found from the synchrotron spectrum of the knot A, 



as given by Kataoka & Stawarz (2004) . Note that the adopted value of refers to the energy 
equipartition between the jet magnetic field and ultrarelativistic electrons, with possible 
contribution from the non-radiating particles neglected. The EGRET observations thus 
imply B > 30—100 fiG for any choice of the kinematic factors considered here, corresponding 
roughly to B/Bg^ > 0.1 — 0.5. This constraint does not necessarily mean a departure from 
the magnetic field-radiating particles energy equipartition but, interestingly enough, already 
excludes a class of models involving a very weak jet magnetic field. Note in this context, that 
models postulating 'loss-free channel' within the jet, i.e. a reservoir of high-energy electrons 
residing in the jet regions where the magnetic field is extremely low enabling thus the particles 
to travel along the jet without radiative energy losses, are also excluded. That is because 
of the dramatic radiative losses suffered by such high-energy electrons when propagating 
through the intense stellar radiation field of the host galaxy. Such a channel in the context 
of M 87 jet was discussed by Owen et al. (1989). 



Whipple observations give the 99% CL upper limit to the VHE 7-ray photon flux of 
M 87 radio galaxy F{> 0.4 TeV) < 6.9 x 10"^^ ^^-2 g-i Bohec et al. 2004). As can be 
seen in figures 1 and 2, such an energetic emission from the jet would be produced entirely 
in the Klein-Nishima regime. 

Figures 5 and 6 show the expected photon flux of knot A at the observed photon energies 
huo > 0.4 TeV, where 



(see equation 12) as a function of the magnetic fleld intensity, for the jet viewing angles 
9 — 30° and 20° considered here and the bulk Lorentz factors F = 3 and 5. The vertical fines 
indicate again the appropriate equipartition magnetic fleld. One can see that, independently 



= 330 5-^/ VG 



(13) 



3.2. Whipple observations 




(14) 
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of the EGRET constraints, the Whipple observations imply magnetic field intensity within 
the discussed jet region S > 50 — 60 //G, or in other words B/Beq > 0.2 — 0.4. 

3.3. HEGRA and HESS observations 

HEGRA observations resulted in a 4(7 detection of high-energy 7-ray fiux from the 
direction of M 87 with the photon fiux F(> 0.73 TeV) 0.96 x 10"^^ cm^^ s"^ (Aharonian 
et al. 2003). Recent HESS observations resulted also in marginal detection of the M 87 
system at the 3 — 4(T level, however with the photon fluxes -F(> 0.73 TeV) ~ 0.4 x lO^"*^^ 
cm-2 in 2003, and F(> 0.73 TeV) ^ 0.15 x lO'^^ ^^^-2 g-i 2004 (Beihcke 2004). This 
clearly indicates a variability of the high-energy 7-ray emission of this source, and therefore 
gives the upper limits for the VHE radiation of knot A. 

Figures 7 and 8 show the expected photon fiux of knot A at the observed photon 
energies hv^ > 0.73 TeV as a function of the magnetic field intensity, for the jet viewing 
angles 9 = 30° and 20", and the bulk Lorentz factors F = 3 and 5. The vertical lines indicate 
the appropriate equipartition magnetic fleld. The most recent HESS observations imply 
therefore the magnetic field within knot A as strong as 5 > 300 /xG, i.e. B/B^q > 1 — 2, 
again for any choice of the kinematic factors considered here. Let us emphasize here once 
again, that in evaluating the IC fiuxes the safe lower limit on the starlight energy density at 
the position of knot A was considered. Therefore, in face of the HESS observations one can 
firmly conclude that a weak subequipartition jet magnetic field is excluded in M 87. 

4. Discussion 

Our study indicates that the magnetic field within the brightest knot A of the M 87 
jet, placed at ~ 1 — 3 kpc from the active nucleus, is B > 300 fiG > B^q (if the jet viewing 
angle is in the range 9 — 20° — 30° and the jet bulk Lorentz factors F = 3 — 5). On the 
other hand the upper limit to the magnetic field intensity within knot A can be found from 
the upper limit imposed on the magnetic field energy flux. Lb = ^R^cT'^B'^ < Lj, where 
Lj ~ few X 10"^^ erg s"^ is the total power of M 87 jet (Owen et al. 2000) and i? 60 pc is 
the radius of radio structure at the position of knot A. This gives roughly -Bmax < 1000 /xG. 
Now let us discuss a few issues related to the above derived magnetic field lower limit. 
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4.1. Synchrotron Continuum 

The low-energy electrons within knot A, if present, can also inverse- Compton up-scatter 
the starlight photons to the observed X-ray photon energies. For example, in order to 
produce 1 keV emission in this process, one has to involve electrons with Lorentz factors 
7 ~ 50/5. The spectrum of such low-energy electrons is unknown, because their synchrotron 
radio emission {u < 10 MHz) cannot be directly observed. If, however, electron energy 
distribution of the form given in equation 1 can be indeed extrapolated down to 10 MeV 
electron energies, the IC energy flux density [i^-Si^Jic oc i/^^o-^^ at hu — 1 keV is expected to 
be ~ 10~^^ — 10~^^ erg cm~^ s~^ for all the parameters as discussed above. This is more than 
an order of magnitude below the energy flux detected by Chandra, h'S,,{l keV) = 3.4 x 10^^'^ 
erg cm~^ s~^ (Marshall et al. 2002). We note that the variability of the X-ray emission of 
knot A on the time scale of years (Harris et al. 1997) indicates that the X-rays detected from 
this region are synchrotron in origin. 

Wilson & Yang (2002) reported X-ray spectral indices characterizing different parts of 
the M 87 jet that are significantly flatter than the appropriate optical-to- X-ray power-law 
slopes, although still relatively steep, ax > 1 (but see Wilson & Yang 2004). If real in the 
case of knot A, such spectral flattenings would be difficult to explain as resulting from the 
comptonization of the starlight emission by the low-energy electrons (i.e., as an evidence 
for the transition from the synchrotron to the IC spectral component), according to the 
discussion above. Hence, they could indicate most probably pile-up effects occurring at the 
high-energy tail of the electron energy distribution emitting synchrotron X-rays. Dermer & 
Atoyan (2002) showed that similar pile-up features can appear in the synchrotron spectra 
of extragalactic large-scale jets due to a decrease of the IC cooling rate of the high-energy 
electrons in the Klein-Nishina regime. In particular, Dermer & Atoyan (2002) considered 
cosmic microwave background radiation as the seed photon field for the IC emission, ob- 
taining spectral hardenings of the synchrotron jet continua at the observed X-ray photon 
energies for highly relativistic jet. In the case considered here, it is the starhght radiation 
which dominates the photon energy density within the emitting region (C/gtar/t^CMB ^ 100), 
and hence potential pile-up effects should be pronounced at lower energies of the emitted 
synchrotron photons. This already indicates that the X-ray spectral flattenings in the M 87 
jet - if real - must be produced by another physical mechanism, such as for example stochas- 
tic particle acceleration processes acting within extended turbulent regions of the jet flows, 
as discussed by Stawarz & Ostrowski (2002). We note here that Meisenheimer et al. (1996) 
reported a 'marginal but significant' fiattening of the optical spectra at the boundaries of 
some parts of M 87 jet. Such fiatteninigs could result from an efficient acceleration of the 
high-energy electrons at the jet edges, independently from the X-ray spectra formed closer 
to the jet central regions. 



4.2. Particle Acceleration 



Heinz & Begelman (1997, who considered synchrotron and adiabatic energy losses of 
radiating electrons) showed that a long extension of the optical jet in the M 87 radio galaxy 
(as compared with the propagation length of the synchrotron emitting electrons) can be 
explained without invoking continuous particle acceleration only if the jet is relativistic 
(r = 3 — 5) and the jet magnetic field on kpc-scale is below equipartition {B < 0.2 — O.TSeq). 
As discussed in this paper, the later condition is not hkely to be fulfilled, and hence some 
kind of particle re-acceleration acting continuously within the jet is needed. As pointed out 
by many authors (e.g., De Young 1986), boundary shear layers of the large-scale jets are 
very likely to be highly turbulent, and hence are very likely to be the sites for the efficient 
second-order Fermi acceleration of the jet particles.^ As discussed further by Stawarz & 
Ostrowski (2002), the maximum energies the electrons can reach in such a process can be 
very high (> TeV), and the resulting electron energy distribution can deviate from a simple 
power-law behavior at the highest energy range, reflecting conditions within the jet flows. 
In this scenario, limb-brightenings of the jet are expected. It is therefore interesting to note, 
that the limb-brightenings are indeed observed in some of the FR I jets in radio (M 87, 
Owen et al. 1989), optical (3C 66B and 3C 264; Macchetto et al. 1991; Crane et al. 1993, 
respectively) and X-rays (Centaurus A; Hardcastle et al. 2003). In the case of the M 87 
jet, however, the optical structure is narrower than the radio structure (Sparks et al. 1996), 
displaying in addition different polarization pattern when compared to the radio one (which 
is most likely determined by the boundary shear layer morphology, Perlman et al. 1999). This 
fact does not necessarily imply that the optically emitting electrons cannot be accelerated 
predominantly at the jet boundaries, as the turbulent mixing of the jet matter connected 
with the entrainment processes - important in the case of FR I jets - can play a role in this 
context (see De Young 2002). The presence of the turbulent mixing layer between the jet 
and the surrounding medium was also suggested to explain Faraday rotation measures for 
the small-scale jet in M 87 source (Zavala & Taylor 2003). However, further investigation of 
this problem is impeded due to hardly known jet internal structure. 



^We invoke this well physically and mathematically described process. However it stands here for a 
number of different mechanisms, which are expected to accelerate particles within the jet boundary layer. 
One can mention in this context reconnection processes in highly perturbed and sheared magnetic fields or 
small scale, local oblique/weak shocks formed in regions of forced supersonic turbulence. 
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4.3. Jet Magnetic Field 

The comoving energy density of the magnetic field within knot A is hmited roughly 
by = -B^/Svr > 3.6 x 10~^ erg cm~^. As discussed above, this value is most likely 
higher than the energy density of the radiating electrons. This may indicate the energy 
equipartition between the jet magnetic field and relativistic protons present within knot A, 
C/g ~ U^ei,p ~ ^rei,e> although rough lower limits obtained in this paper do not enable for 
further quantitative analysis of this issue. 

VLBI measurements often allow one to infer magnetic field intensity from the low- 
frequency spectral break in the radio emission of the (sub) pc-scale jet modeled in terms of 
synchrotron self- absorption process. In the case of the M 87 jet, this method gives -Bvlbi < 
0.2 G at -RvLBi ^ 0.06 pc (Reynolds et al. 1996). If the magnetic energy fiux in a jet is 
constant, then one should expect magnetic field intensity at the position of knot A to be 
roughly B = (FvLBi/r) (-Rvlbi/-R) -Bvlbi ^ 300 fiG, where we put FvLBi/r ~ 2 and the jet 
radius at the position of the considered knot i? ^ 60 pc (Owen et al. 2000). Hence one can 
conclude that some kind of amplification of the jet magnetic field has to take place between 
the parsec and kiloparsec scales, although all the estimates presented above should be taken 
with caution, as some arbitrary assumptions on the jet magnetic field structure were invoked 
(but see Hughes 2004). 

The suggested amplification of the jet magnetic field can take place at the extended shock 
wave located within knot A (see Medvedev & Loeb 1999). However, another (in some respect 
more 'natural' in this object) possibility is offered by an action of the turbulent dynamo 
processes discussed in this context by De Young (1980) (see also, e.g., Gvaramadze et al. 
1988; Urpin 2002). That is because the Kelvin-Helmholtz instabihties occurring inevitably 
at the edges of the jet are supposed to create large-scale eddies at the fiow boundaries, 
which amplify the jet magnetic field and develop a highly turbulent mixing layer between 
the jet and the surrounding medium. Such turbulent shear layers play a crucial role in mass 
entrainment (and so deceleration) of the FR I outfiows (Bicknell 1994), and in acceleration 
of the jet particles, infiuencing also polarization properties of the jets (Laing 1980). In a 
framework of this model, in order to allow for the turbulent dynamo process to proceed 
at all, the M 87 jet has to be dynamically dominated by the (cold) particles on the small 
scales. On the larger scales the mass entrainment process decelerates the flow gradually, 
slowly amplifying the jet magnetic fleld (to the value exceeding at some point the energy 
equipartition with the radiating electrons) and creating a turbulent boundary layer that 
spreads into the jet interior. This process accomplishes at ~ 1 — 2 kpc from the active center 
(knot A and beyond), where the jet magnetic field reaches an approximate equipartition 
with the energy density of the jet particles, while the jet fiow itself becomes fully turbulent. 
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disappearing into the outer amorphous radio lobe (see low-frequency radio maps of M 87 by 
Owen et al. 2000). Again, further discussion of this issue is hindered due to unknown details 
of the turbulent dynamo process and the jet internal structure. 

5. Conclusions 

Here we discuss how the present upper limits on the high-energy 7-ray emission of the 
kpc-scale jet in the M 87 radio galaxy can be used to estimate magnetic field strength in the 
brightest knot of the jet. We obtain a 'safe' lower limit B > 300 /iG, which indicates a very 
likely departure from the minimum power condition in a sense that the magnetic field energy 
density within knot A is higher than the energy density of the radiating ultrarelativistic 
electrons. Wc speculate that the high magnetic field in knot A of the M 87 jet is due to 
turbulent dynamo processes related to interaction of the jet with the surrounding medium. 
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Fig. 1. — Spectral energy distribution of high-energy 7-ray inverse- Compton emission of 
knot A for the jet magnetic field B ^ 0.3 x 10"^ G, 10"^ G, 3 x 10"^ G, S = 10-=^ G (as 
indicated at each panel), the jet viewing angle 9 — 30° and the jet bulk Lorenz factors F = 5 
and 3 (sohd and dashed hues, respectively). 
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Fig. 2. — Spectral energy distribution of high-energy 7-ray inverse- Compton emission of 
knot A for the jet magnetic field B ^ 0.3 x 10"^ G, 10"^ G, 3 x 10"^ G, S = 10-=^ G (as 
indicated at each panel), the jet viewing angle ^ = 20° and the jet bulk Lorenz factors F = 5 
and 3 (sohd and dashed hues, respectively). 
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Fig. 3. — Constraints on the jet magnetic field within knot A imposed by the EGRET 
observations (dotted horizontal line), for the jet viewing ang \e 9 = 30° and the jet bulk 
Lorenz factors F = 5 and 3 (solid and dashed lines, respectively). Vertical lines denote the 
equipartition magnetic field for F = 5 and 3 (solid and dashed lines, respectively). 
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Fig. 4. — Constraints on the jet magnetic field within knot A imposed by the EGRET 
observations (dotted horizontal line), for the jet viewing ang le 6* = 20° and the jet bulk 
Lorenz factors F = 5 and 3 (solid and dashed lines, respectively). Vertical lines denote the 
equipartition magnetic field for F = 5 and 3 (solid and dashed lines, respectively). 



-22- 




logB [G] 



Fig. 5. — Constraints on the jet magnetic field within knot A imposed by the Whipple 
observations (dotted horizontal lines), for the jet viewing ang \e 9 = 30° and the jet bulk 
Lorcnz factors F = 5 and 3 (solid and dashed lines, respectively). Vertical lines denote the 
equipartition magnetic field for F = 5 and 3 (solid and dashed lines, respectively). 
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Fig. 6. — Constraints on the jet magnetic field within knot A imposed by the Whipple 
observations (dotted horizontal lines), for the jet viewing ang le 6* = 20° and the jet bulk 
Lorcnz factors F = 5 and 3 (solid and dashed lines, respectively). Vertical lines denote the 
equipartition magnetic field for F = 5 and 3 (solid and dashed lines, respectively). 
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Fig. 7. — Constraints on the jet magnetic field within knot A imposed by the HEGRA and 
HESS observations (dotted horizontal lines), for the jet viewing ang \e e = 30° and the jet 
bulk Lorenz factors F = 5 and 3 (solid and dashed lines, respectively). Vertical lines denote 
the equipartition magnetic field for F = 5 and 3 (solid and dashed lines, respectively). 
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Fig. 8. — Constraints on the jet magnetic field within knot A imposed by the HEGRA and 
HESS observations (dotted horizontal lines), for the jet viewing ang le 6* = 20° and the jet 
bulk Lorenz factors F = 5 and 3 (solid and dashed lines, respectively). Vertical lines denote 
the equipartition magnetic field for F = 5 and 3 (solid and dashed lines, respectively). 



